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fjm3@york.ac.uk (F.J.M. Maathuis).Vacuoles play various roles in many physiologically relevant processes in plants. Some of the more
prominent are turgor provision, the storage of minerals and nutrients, and cellular signalling. To
fulﬁl these functions a complement of membrane transporters is present at the tonoplast. Proliﬁc
patch clamp studies have shown that amongst these, both selective and non-selective ion channels
participate in turgor regulation, nutrient storage and signalling. This article reviews the physiolog-
ical roles, expression patterns and structure function properties of plant vacuolar anion and cation
channels that are gated by voltage and ligands.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Plants have different types of vacuoles that are involved in
multiple functions
Most plant cells contain a large lytic vacuole (LV) which can oc-
cupy as much as 90% of the cellular volume. In plants, LVs consti-
tute the main site of turgor generation since they accumulate the
majority of cellular minerals and water. LVs also function as depos-
itory of xenobiotic and toxic compounds which helps to reduce
their impact in the cytoplasm where sensitive biochemical pro-
cesses take place. Secondary metabolites and proteins involved in
plant defence against pathogens and herbivores are also kept in
the LV and released in response to attack and cellular damage.
The LV pH is typically around 4–5, but can be as low as 2 in citric
species such as lemon, and this acidic environment helps in the
degradation of both exogenous and endogenous compounds [1].
Plant LVs are equivalent to animal lysosomes and yeast vacu-
oles and serve as degradation and waste storage compartments.
The vacuolar tonoplast of higher plants and fungi as well as lyso-
somes of animal cells share very similar H+-ATPases that acidify
the lumen. In addition, these endocompartment membranes often
contain MRP type ABC transporters, CLC type ion channels, cationchemical Societies. Published by E
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, ji511@york.ac.uk (J.C. Isner),channels and aquaporins [2,3]. Uniquely, the plant tonoplast con-
tains a second H+ pump, a pyrophosphatase, which also contributes
to luminal acidiﬁcation and possibly K+ transport [4,5].
Storage of nutrient minerals in the LV is important in buffering
large variations in supply [6]: plants grown in nutrient rich condi-
tions will deposit large quantities of such nutrients in vacuoles of
vegetative tissues [7]. This allows the plant to survive subsequent
periods of nutrient deﬁciency by mobilising the vacuolar store [8].
Thus, the solute composition of vacuoles is highly dynamic and re-
ﬂects changes in the environment and developmental stage [9].
LVs also form the major intracellular store of Ca2+ and vacuolar
Ca2+ release has been shown to play a myriad of important signal-
ling functions. Both ATP driven Ca2+ pumps and H+ coupled Ca2+
antiporters contribute to this vacuolar Ca2+ accumulation whereas
ion channel mediated Ca2+ release from the vacuole is an important
contributor to stimulus-invoked changes in cytoplasmic Ca2+ [10].
Plant cells often contain a second type of vacuole which is much
smaller than the LV. These were initially believed to only be pres-
ent in storage tissues such as seeds and hence dubbed protein stor-
age vacuoles (PSVs, previously also known as protein bodies, [11]).
However, later research showed that PSVs are also found in vege-
tative cells although this varies highly from tissue to tissue and be-
tween species. In seeds, PSVs contain internal compartments,
crystalloids and globoids, which respectively contain (crystalline)
protein and complex salts such as phytate. The stored minerals
and proteins are essential for the development of the embryo both
pre- and post-germination [12]. Post germination, inorganic min-
erals such as K+ and Ca2+ are released from phytate and distributedlsevier B.V. All rights reserved.
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phytate whereas reduced carbon and nitrogen derive from meta-
bolisation of starch and storage proteins. Relatively little is known
about the tonoplast of PSVs but they have been shown to contain
speciﬁc TIP (Tonoplast Intrinsic Protein) isoforms such as a-TIP
and d-TIP. Additionally, the presence of V-PPases, V-ATPases and
ABC transporters, and cation exchangers has been reported in
PSV tonoplasts [13].
2. Tonoplast membrane transport, an overview
Transport across the vacuolar membrane or tonoplast, is crucial
to fulﬁl all the physiological tasks listed above. The tonoplast is
energised by a V-ATPase (fuelled by ATP) and the PPase (fuelled
by PPi, Fig. 1). The proton motive force (PMF) generated by these
pumps consists of a steep pH gradient (2–4 pH units, equivalent
to 120 to 240 mV) and a rather small tonoplast potential (10
to 30 mV) [8,14]. The PMF can energise secondary transporters
for transtonoplast ﬂuxes of organics such sugars and amino acids,
and minerals such K+, Na+, Ca2+ and NO3 (Fig. 1). Ion channels form
a third class of tonoplast transporter that mediates ﬂuxes down the
electrochemical potential of the permeating ions. The amenability
of vacuoles to patch clamping has meant that tonoplast channels
were amongst the ﬁrst and best characterised of all plant ion chan-
nels [2,15]. Most work has been done on cation channels which in-
clude K+ selective, non-selective and Ca2+ permeable channels.
Where anion channels are concerned, conductances permeable to
malate, Cl and NO3 have been recorded at the tonoplast. The ma-
jor primary and secondary transporters that are responsible for
transtonoplast movement of minerals are listed in Table 1 and
although the functions of speciﬁc isoforms may vary greatly [16]
their broad functional roles are indicated. For the various types
of tonoplast ion channels properties such as selectivity, expressionFig. 1. Overview of the main vacuolar transport systems. Primary transport 1, V-
PPase: pyrophosphate driven pump for vacuolar H+ accumulation; 2, V-ATPase: ATP
driven pump for vacuolar H+ accumulation; 3, P-type Ca2+ pump: ATP driven pump
for vacuolar Ca2+ accumulation. Secondary transport 4, Na+ and K+:H+ exchangers
(NHX/CHX): Metal:proton antiporters for K+ and Na+ vacuolar accumulation; 5, Ca2+
and Mg2+:H+ exchangers (CAX/MHX) for Ca2+ and Mg2+ vacuolar accumulation; 6,
NO3 and Cl
:H+ exchangers (CLCs) for Cl and NO3 vacuolar accumulation; 7, H
+:K+
symporters (HAK/KUP/KT) for vacuolar K+ release. Ion channels 8, malate channels
(ALMT) involved in vacuolar malate accumulation; 9, Cl channels (CLC) for
vacuolar Cl and NO3 anion accumulation; 10, putative SO4
2/PO43 anion channels
involved in anion accumulation; 11, cyclic ADP-ribose-activated Ca2+ channel for
vacuolar Ca2+ release; 12, IP3 gated Ca2+ channel for vacuolar Ca2+ release; 13,
FV = fast vacuolar cation channel involved in general cation homeostasis; 14,
VK = vacuolar K+ channel (TPK), vacuolar K+ release and K+ homeostasis; 15,
SV = slow vacuolar cation channel (TPC1), possibly involved in Ca2+ signalling and
monovalent cation homeostasis.patterns and physiological roles are discussed in further detail in
the sections below.
3. Vacuolar anion channels
The roles of plant anion channels, including those expressed in
the tonoplast, have been hypothesised to be legion and include
nutrient homeostasis, signalling and responses to biotic and abiotic
stress. Unfortunately, characterisation of vacuolar anion channels
has been very limited and their exact physiological roles are often
ill-deﬁned. Early reports noted the presence of an anion permeable
tonoplast conductance that potentially played a role in vacuolar
Cl loading during salt stress and malate accumulation [17]. Ma-
late is known to be involved in several functions in the cytoplasm,
in glyoxysomes and in chloroplasts [18]. In plants that perform
crassulacean acid metabolism (CAM) malate provides a convenient
storage form of CO2 which can be released during the cooler night
and thus endows CAM plants with an adaptive advantage in arid
conditions. Electrophysiological studies on mesophyll vacuoles of
the CAM plant Kalanchoë daigremontiana showed the presence of
large, strongly inward-rectifying (malate entering the vacuole) ma-
late currents that were active at cytoplasmic-side negative volt-
ages [19]. The encoding gene for this channel is unknown but
recently several tonoplast anion channels were identiﬁed.
Aluminium activated malate transporters (ALMTs) comprise a
family of 15 proteins in Arabidopsis [20]. The ﬁrst member of the
AtALMT family was found to be localised in the plasma membrane
of Arabidopsis roots and was directly activated by exogenous Al3+.
Although the majority of AtALMT isoforms remains to be charac-
terized, recent work showed that AtALMT9 is localised in the vac-
uole where it functions as a malate channel, predominantly in
mesophyl cells. Loss of function in AtALMT9 did not lead to any vis-
ible phenotype and only slightly reduced the malate content of
vacuoles. This was explained by functional redundancy from a sec-
ond vacuolar malate transporter, AtTDT. This anion:proton sym-
porter appears to dominate vacuolar malate accumulation since
loss of function in AttDT strongly reduced the uptake of [14C]-ma-
late. More studies are thus required to evaluate the exact role of
AtALMT9, for example through generating double loss of functions
in both AttDT and AtALMT9.Table 1
Major gene families involved in transport of inorganics into and out of the vacuole.
Gene
family
Function References
Primary transport
ACA ATPase for vacuolar Ca2+ accumulation [10,14]
PPase Pyrophosphatase for H+ pumping [4,5]
V-ATPase H+ pumping ATPase [2]
CPxATPases ATPase for (heavy) metal accumulation [67]
Secondary transport
CAX Metal:proton antiport for Ca2+(Mg2+)
accumulation
[67,68]
CDF (Heavy) metal sequestration [67]
CHX Metal:proton antiport for monovalent cation
accumulation
[69]
CLC NO3 :proton antiport for nitrate accumulation [23]
HAK/KUP K+:proton symporter for vacuolar K+ release [69]
MHX Metal:proton antiport for Mg2+ accumulation [70]
NHX Metal:proton antiport for K+/Na+ accumulation [69]
SULTR S transport [71]
Ion channels
TPC Monovalent cation homeostasis, possibly Ca2+
signalling
[42,46]
TPK General K+ homeostasis, vacuolar K+ release [54,55]
ALMT Malate accumulation [20]
CLC Anion accumulation and NO3 accumulation [21,22]
1984 S. Isayenkov et al. / FEBS Letters 584 (2010) 1982–1988Another major group of vacuolar anion channels is encoded by
the CLC (chloride channels) family. The role of CLCs is still largely
obscure but does appear to include nitrogen homeostasis. CLCc
was identiﬁed as a regulator of tissue nitrate level and mutations
in CLCc led to reduced nitrate levels. The concentrations of chloride,
malate, and citrate were also affected in the clccmutant [21]. How-
ever the membrane localisation of AtCLCc is not clear and nor is
that of AtCLCb and AtCLCg. On the other hand, AtCLCa localisation
was conﬁrmed to be in the tonoplast. AtCLCa also impacts on ni-
trate homeostasis. When this transporter was non-functional, mu-
tants had a greatly reduced capacity to cope with excessive nitrate
stress and were more sensitive to the herbicide chlorate [22].
Although it assumed that most CLCs function as anion permeable
channels, AtCLCa was found to be a NO3 :H
+ antiporter [22] con-
taining the characteristic E148 and E203 that are involved in H+
coupling. Nitrate is an extremely valuable N source for plants.
AtCLCa is important for the vacuolar accumulation of NO3 to pro-
viding storage of N reserve and does so with high selectivity for
NO3 over Cl
 [22]. Yet AtCLC is highly homologous to the mamma-
lian CLC-5 which is selective for Cl, exchanging 2Cl:H+ in the kid-
ney. Interestingly, a single point mutation can convert CLC-5 into a
NO3 :H
+ exchanger [23] emphasising how closely related proteins
can have extremely divergent physiological functions. In rice,
two CLCs were partially characterised. Loss of function in the vac-
uolar OsCLC-1 or OsCLC-2 led to a suppression growth in the mu-
tants [24]. Although no patch clamping experiments were carried
out, CLC-1 and CLC-2 are believed to be voltage gated tonoplast
anion channels since they complemented the chloride channel
deﬁcient yeast mutant gef1 which lacks a functional Cl channel
in its vacuole [25].4. Ligand gated vacuolar cation channels
Plants contain two gene families of ligand gated channels, the
glutamate receptor like (GLR) and cyclic nucleotide gated channels
(CNGCs). Some of these have been characterised and shown to be
involved in cation transport [26] but whether any is expressed at
the tonoplast is unknown. However, reports have been published
regarding vacuolar ligand gated channels, especially in the context
of Ca2+ signalling. Pharmacological studies, particularly using
aequorin as a Ca2+ reporter, assigned an important role to the LV
in Ca2+ signalling and a major question is therefore how stimulus
perception is coupled to vacuolar Ca2+ release [27]. Studies in the
nineties revealed a number of possible scenarios. In plants, within
minutes after osmotic stress the phosphoinositide myo-inositol
1,4,5-triphosphate (IP3) is produced from the membrane lipid pho-
phatidylinositol 4,5-bisphosphate by the enzyme phospholipase-C.
Longer osmotic stress can also produce IP3 in an ABA-dependent
manner [28]. In 1990 Alexandre et al. [29] showed that IP3 could
release Ca2+ from isolated vacuoles and thus may form an impor-
tant trigger for Ca2+ release from internal stores. Single channel
recordings showed a unitary slope conductance of around 30 pS
and, as expected for a true ligand gated channel, both whole vacu-
ole and single channel currents were strictly dependent on the
presence of IP3. The afﬁnity of the channel for IP3 had a Km of
around 200 nM which agrees well with IP3 levels determined in
plant tissues [28]. In contrast to what is known in animals [30],
the beet IP3 induced currents were sensitive to IP3 concentration
in a ﬁrst order fashion (i.e. a Hill coefﬁcient of 1), showing no evi-
dence of co-operativity in ligand binding. Therefore, plant IP3
receptors are likely to possess only one ligand binding site per
channel protein.
Although this initial work was followed by a few further reports
[31,32], surprisingly little progress has been made in the past
15 years regarding plant IP3 channels. The lack of identiﬁcationof the responsible protein(s) is largely to blame for this; Bioinfor-
matics analyses have shown that plant genomes do not contain se-
quences that resemble animal IP3 receptors and identifying genes
that encode these systems is therefore likely to be exceedingly dif-
ﬁcult. It is also not clear whether the reported observations pertain
to other plants, particularly to model systems such as Arabidopsis
or rice.
Evidence of a second type of ligand gated cation channel in
plant tonoplasts has also been reported. cyclic ADP-ribose (cADPR)
was able to release Ca2+ from microsomal vesicles but also from in-
tact red beet vacuoles [31]. The Ca2+ release could be inhibited by
ruthenium red and patch clamp experiments showed cADPR
dependent currents are mainly carried by Ca2+ (PK:Ca between
0.04 and 0.1) and prevalent at physiological tonoplast potentials
(10 to 40 mV). Pharmacologically, these channels resemble
the mammalian ryanodine receptor, a Ca2+ selective channel
named after its propensity to bind the plant alkaloid ryanodine.
Mammalian ryanodine receptors participate in Ca2+ release in the
muscle sarcoplasmic reticulum to instigate muscle contraction.
As with the situation regarding plant IP3 channels, further progress
has been absent. Indeed, recent work [33] did not ﬁnd evidence of
cADPR induced Ca2+ release in intact vacuoles from red beet and
the exact nature of the putative cADPR dependent channel remains
to be elucidated. Particularly single channel data are needed, pref-
erably from more than one species, to ﬁrmly establish that such
transporters are common in plant membranes.
5. Vacuolar cation channels: the fast vacuolar channel
The fast vacuolar (FV) channel was originally described in red
beet storage tissue [34] and only few further studies have been
published. The FV channel has a low selectivity with a K:Na selec-
tivity ratio of around unity and other monovalent cations can also
permeate this protein. Whether it can transport divalent cations
remains to be established. FV channels become increasingly inac-
tive whenever the cytoplasmic Ca2+ concentration exceeds around
200 nM and FV open probability has been reported to be largely
insensitive to tonoplast potential. Subsequent publications re-
ported on the presence of FV channels in other tissues such as bar-
ley mesophyll vacuoles [35] where it shows moderate outward
rectiﬁcation and biphasic voltage dependence. The gene(s) encod-
ing the FV channel is not known and this frustrates in depth studies
regarding its characteristics and in planta role. Nevertheless, since
both luminal and cytoplasmic K+ levels impact on FV channel open
probability, it was hypothesised that the physiological roles of this
transporter may include cellular K+ partitioning and homeostasis
[36]. Other putative roles for the FV channel include providing a
shunt conductance for the V-ATPase [37], osmoregulation, and reg-
ulation of the tonoplast potential [32].6. Vacuolar cation channels: the slow vacuolar channel
Early patch clamp recordings revealed the presence of large,
outward rectifying currents that activated with half times of sev-
eral hundred milliseconds and the conductance mediating these
currents was therefore labelled as the slow vacuolar (SV) channel
[15]. Further work showed this conductance to be ubiquitous in
every cell type and plant species that was investigated [5]. The
SV channel conducts both monovalent and divalent cations with
K+/Na+ and K+/Ca2+ selectivity ratios of around 1 and 4 respectively
[15,33,35,36]. Its activation is voltage dependent with tonoplast
depolarisation steeply promoting channel opening which is equiv-
alent to cations entering the vacuole. In addition, channel opening
requires cytoplasmic Ca2+ concentrations of around 10 lM [14,33].
SV channel activity is further modulated by a host of mechanisms
Fig. 2. Secondary structures of tonoplast cation and anion channels. (A) Secondary
structure of CLC eukaryotic proteins based on the known structure of the bacterial
homologue EcCLE. CLC subunits contain transmembrane domains (TMDs) with the
two halves (TMD 1–9 and TMD 10–18) oriented in opposite directions forming the
pore in the holoenzyme which consists of homodimers. ‘P’ indicates pore regions
which contain residues for Cl selectivity [65]. CLC channels possess a long
cytoplasmic C-terminus that contains a pair of CBS (cystathionine beta-synthase)
domains which are thought to be involved in channel gating [66]. (B) The SV
channel is encoded by TPC1, a protein with a secondary structure that consists of
two times 6 TMDs. Two 12 TMD subunits form a functional channel. Between TMD
6 and 7, two Ca2+ binding EF domains are present that are believed to be responsible
for the steep Ca2+ dependence of channel opening. In between the EF motifs a
putative 14-3-3 binding site is present. The pore regions (P) of TPC1 contain serine
(S) and glycine (G) residues resulting in an ‘SGSG’ selectivity ﬁlter in the
holoenzyme. Ca2+ and Na+ selective channels have ‘EEEE’ and ‘DEKA’ selectivity
ﬁlters [30]. (C) TPK proteins such as the VK channel contain 4 TMDs and 2 pore
regions per subunit with two subunits forming a functional channel. Each pore
region (P) contains a GYGD sequence which is characteristic of K+ selectivity,
although some tobacco TPKs may have slightly different motifs. In the N terminal
region, TPKs have 14-3-3 binding domains and the presence of 14-3-3 leads to
channel activation. Amongst TPK isoforms the occurrence of C-terminal Ca2+
binding EF motifs varies from zero to two.
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ions and redox potential [40].
Early reports suggested the SV channel may be involved in
maintaining turgor and tonoplast potential [5] and during salt
stress by preventing Na+ leakage from the vacuole [41] but the lack
of molecular data prevented in depth characterisation. However, in
2005 Peiter et al. [42] showed that the Arabidopsis SV channel was
encoded by AtTPC1 (two pore channel), a protein with a secondary
structure that consists of two times 6 transmembrane domains
(TMDs), two calcium binding EF domains and at least one putative
14-3-3 binding site (Fig. 2). The molecular identiﬁcation of the SV
channel enabled studies into its physiological role by modulating
its expression level. Surprisingly, in spite of high levels of expres-
sion, ubiquitous presence, and being encoded by a unique gene,
TPC1 loss of function mutants did not show any strong phenotypes.
Weak phenotypes were described for Arabidopsis where Attpc1 loss
of function reduced ABA-induced delay of seed germination [42]. In
Arabidopsis guard cells, high external Ca2+ (a well documented
closing stimulus) largely failed to evoke stomatal closure in Attpc1.
In rice, OsTPC1 loss of function led to a reduced response to the
fungal elicitor xylanase and to fewer cells showing the hypersensi-
tive response, an important mechanism to combat pathogenic
infection [43]. A similar, pathogen response related phenotype
was recorded in tobacco BY-2 suspension cells [44].
There has been a long running controversy regarding the capac-
ity of the SV channel to mediate vacuolar Ca2+ release. The central
vacuole is a main compartment for Ca2+ storage in plants cells and
SV channel-mediated release of vacuolar Ca2+ could therefore be an
important component in signalling pathways. Patch clamp data
show that TPC1 can conduct Ca2+ although this may require gradi-
ents and tonoplast potentials that are not necessarily physiological
[42,45]. In addition, several reports indicated involvement of plant
TPCs in Ca2+ signalling: The phenotypes observed in Arabidopsis
resemble those of det1-3 mutants in which guard cell Ca2+ signal-
ling is impaired [46]. In tobacco, direct measurements of cytoplas-
mic Ca2+ were made using the Ca2+ reporter aequorin. In response
to the elicitor cryptogein, tobacco suspension cells of a TPC1 co-
suppression line showed diminished Ca2+ signals compared to
wildtype cells [44]. In rice, the lack of H2O2 production and pro-
grammed cell death in Ostpc1 mutants also implies a possible role
of TPC1 in Ca2+ signalling [43] since Ca2+ is a well established inter-
mediate in the hypersensitive response. However, the notion of the
SV channel as a component of intracellular Ca2+ signalling has been
challenged: although the SV channel is Ca2+ permeable, electro-
physiological data show its open probability is exceedingly small
in the presence of physiological Ca2+ gradients and tonoplast
potentials. Although such conditions generate a large inward Ca2+
gradient, physiological tonoplast potentials keep the SV channel
open probability near zero. The presence of millimolar Ca2+ in
the vacuolar lumen further reduces an already low open probabil-
ity at physiological tonoplast potentials. The overall result is an
effective channel open probability of zero, even when tonoplasts
are signiﬁcantly depolarised [21]. The putative role of the SV chan-
nel in Ca2+ signalling was also studied using the Ca2+ reporter
aequorin: in response to a range of stimuli, aequorin reported
Ca2+ signals in the Attpc1 knockout background were not signiﬁ-
cantly different from those observed in wildtype plants. The ap-
plied stimuli included cold shock, osmotic shock, salt stress,
oxidative stress, elicitors and elevation of external Ca2+ [47].
Thus, both electrophysiological and Ca2+ luminometry data ap-
pear to rule out that the SV channel is involved in plant Ca2+ signal-
ling. However, there may be unknown factors that affect the SV
channel voltage dependence in such a way that open probability
is shifted to more physiological tonoplast potentials. A gain of
function mutation in AtTPC1 (D454N) resulted in increased open
probabilities and currents. This genotype (fou2 for fatty acid oxy-genation upregulated 2) produced higher levels of fatty acid oxygen-
ation and more jasmonic acid [48]. In the context of Ca2+ signalling
it is interesting to note that fou2 showed much less inhibition of
TPC1 currents by luminal Ca2+ and therefore enhances the likeli-
hood that TPC1 could mediate vacuolar Ca2+ release. Another factor
that would augment TPC1 open probability is raised cytoplasmic
Ca2+ levels: in animal cells it has been shown that local cytoplasmic
Ca2+ concentrations can easily reach 0.1 mM in the vicinity of ER or
plasma membrane Ca2+ channels [49]. If SV channels were
positioned at close range to similar systems, their open probability
may become sufﬁcient to evoke SV channel mediated Ca2+
inﬂux [14].
Another area where controversial results emerged concerned
the membrane localisation of TPC1 proteins. Whereas the evidence
for tonoplast localisation of AtTPC1 was solid and based on various
approaches such as GFP fusion, antibody binding and vacuolar pro-
teomics [42,46,50], GFP fusions of OsTPC1 and TaTPC1 were re-
ported to be targeted to the plasma membrane of onion
epidermal cells [43,51]. A putative plasma membrane localisation
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tial conclusion that TPC1 expression occurs at the plasma mem-
brane may have derived from mistargeting artefacts and the lack
of resolution in distinguishing vacuolar and plasma membranes
from GFP images. Nevertheless, subsequent work clearly showed
that OsTPC1 and NtTPC1, like their Arabidopsis counterpart, are
vacuolar channels [47] although further work may be needed to
dispel all ambiguity.7. Vacuolar cation channels: The vacuolar K+ channel
Unlike SV channel currents, vacuolar K+ (VK) channel currents
were initially only identiﬁed in guard cells [53]. VK channels are
K+ selective and their activity is typiﬁed by a lack of voltage depen-
dence, intrinsic rectiﬁcation and a much lower requirement for
cytoplasmic Ca2+ than that of the SV channel. Due to its high selec-
tivity for K+ and its presence in guard cells it was hypothesised that
the VK conductance might be involved in stomatal functioning.
In 2007 Gobert et al. [54] showed that the Arabidopsis VK cur-
rent was mediated by AtTPK1 and not only occurs in guard cells
but also in other cell types derived from shoot and root tissues.
TPK1 is a member of a small gene family of two pore K+ channels
(Fig. 2). The Arabidopsis genome contains 5 TPK isoforms, four iso-
forms are highly homologous (TPK1, 2, 3 and 5) and localise to the
tonoplast [55] whereas TPK4 is expressed at the plasma membrane
[56]. Similarly sized TPK families have been found in genomes of
other species such as rice, tobacco and Physcomitrella [57].
TPKs are characterised by a four transmembrane-two pore
structure with GYGD K+ selectivity motifs in each pore and one
or two C-terminal EF hands (Fig. 2). Like the SV channel, VK chan-
nel activity needs the presence of cytoplasmic Ca2+. However, the
minimum Ca2+ concentration is around 0.5 lM for the VK channel
[53,54]. Nevertheless, there may be considerable variation in these
characteristics amongst TPK isoforms. For example in tobacco,
variants of NtTPK1 were reported [58] that have a VHG and GHG
motif in the second pore instead of the canonical GYG signature.
The Ca2+ dependence of NtTPK1 activity was also far less steep than
that reported for other TPKs [54]. VK activity is also modulated by
14-3-3 proteins: in both Arabidopsis [59] and barley [60] 14-3-3
binds to a conserved N-terminal region and, in contrast to the SV
channel which is strongly inhibited by 14-3-3, VK channel activity
increases after binding of 14-3-3 [59]). In some animal two-pore
channels, 14-3-3 binding impacts on trafﬁcking of the channel sub-
units to the destination membrane [61]. For AtTPK1 it was shown
that the 14-3-3 binding domain is not involved in trafﬁcking [57]
but it would be interesting to investigate whether this might occur
with regard to other plant TPKs.
Although not as ubiquitous as TPC1, TPK1 activity can be de-
tected in vacuoles of almost any tissue. Yet again, loss of function
in TPK1 did not yield strong phenotypes when plants are grown
in normal conditions. However, comparison of Attpk1 mutants,
wildtype and TPK1 overexpressing plants pointed to multiple
functions for TPK1 [54]. Some effect of TPK1 on overall K+
homeostasis was observed: Both in the presence of excess K+
(80 mM) and K+ deﬁciency (0.01 mM) there was a small growth
advantage in TPK1 overexpressors compared to wildtype plants
[54]. However, there was no signiﬁcant difference in tissue K+
levels. In agreement with earlier suggestions [53], TPK1 was
found to impact on K+ release during stomatal closure. Stomatal
closure in response to ABA ultimately reached similar apertures
in Attpk1 compared to wildtype plants but this occurred with
much slower kinetics. In contrast, stomatal opening was not sig-
niﬁcantly affected. Thus, these results indicate that TPK1 is a ma-
jor pathway for K+ release during stomatal closure but that
auxiliary mechanisms are present.TPK1 expression also inﬂuences seed germination: In Attpk1
mutants the second phase of germination, i.e. emergence of the
radicle through the endosperm layer, was considerably slower,
especially in the presence of ABA [54]. Detailed mechanistic in-
sights into seed germination and the ABA signalling pathway are
scarce and this hampers interpretation of how TPK1 would impact
on (ABA-dependent) germination. A possible scenario places TPK1
in vacuolar membranes to help accumulate K+ for turgor genera-
tion during the phase when rapid cell expansion fuels radicle
emergence and growth. The largest K+ fraction of seeds is seques-
tered in PSV globoids as insoluble K-phytate [11]. Release of this
fraction to provide osmotica can only take place after break down
of phytate by the enzyme phytase and subsequent transport of K+
out of the globoid and PSV. The latter may also depend on K+ selec-
tive cation channels such as TPK1.
Like AtTPK1, the Arabidopsis isoforms TPK2, TPK3 and TPK5 and
the single pore (Kir-like) channel KCO3 localised at the tonoplast
[55]. Functional expression of these genes has so far not been suc-
cessful and it remains to be seen what their function could be.
However, expression of AtTPK3 and AtTPK5 in a K+-uptake deﬁ-
cient Escherichia coli line did complement the E. coli mutation,
pointing to functional expression in this heterologous system (Isa-
yenkov and Maathuis, unpublished data). In contrast to other AtT-
PKs, AtTPK4 is the only member of the TPK family expressing at the
plasma membrane [56]. Although the sequence of AtTPK4 deviates
from that of other TPKs, for example no EF hands are present; it
was not immediately clear why these very similar proteins are des-
tined for expression in different membranes. By constructing dif-
ferent chimeras between TPK1 and TPK4, it was shown that the
C-terminal domain of TPKs is critical for correct trafﬁcking through
the ER and Golgi compartments and those diacidic (DLE) motifs are
necessary for AtTPK1 ER-export [57]. Still, the exact mechanism for
the observed divergence in membrane targeting remains to be
revealed.8. Concluding remarks
The amenability of plant vacuoles to patch clamp technology
has resulted in the characterisation of many tonoplast ion chan-
nels, particularly those conducting cations. At least ﬁve different
cation conductances have been recorded all with a proposed func-
tion in nutrition, stress and signalling. Until recently, none of the
encoding genes for tonoplast ion channels was known. However,
the identiﬁcation of the Arabidopsis SV channel as AtTPC1 [42],
the VK channel as AtTPK1 [54] and the presence of CLC and ALMT
isoforms [22,24,62] has led the way to more in depth studies
regarding channel structure, regulation and physiological function.
However, for many vacuolar channels, even electrophysiological
data are scarce. This is particularly pertinent where anion channels
and ligand gated channels are concerned and further data are ur-
gently required. Identiﬁcation at the molecular level also remains
a big priority but may be difﬁcult to achieve for putative ligand
gated channels since there are no obvious candidates for IP3 and/
or ryanodine receptors in plant genomes. Alternatives such as
tonoplast proteomics approaches [50,63,64] are also likely to fail
since proteomics is notoriously insensitive to less abundant pro-
teins such as ion channels. Yeast complementation strategies,
which have proved very successful in the isolation of plasma mem-
brane plant channels, may be successful in the further isolation of
plant vacuolar anion channels but are unlikely to succeed where
cation channels are concerned since disruption of the yeast vacuo-
lar cation channel does not yield a clear phenotype that can be
complemented.
Another complicating factor for analysing physiological roles of
tonoplast ion channels is the seemingly high level of functional
S. Isayenkov et al. / FEBS Letters 584 (2010) 1982–1988 1987redundancy in vacuolar cation transport: disruption of either the
SV or the VK channel does not affect plant growth in most condi-
tions. Even in plants where both these conductances are absent
no or little phenotype is observed (F. Maathuis, unpublished data).
A role of the SV channel in Ca2+ signalling could conceivably be car-
ried out by other, presumably ligand gated Ca2+ permeable chan-
nels whereas VK mediated K+ release could take place through
other cation channels such as the SV or FV conductance. Thus,
strategies to generate multiple loss of function mutants should
be developed. Multiple cation or anion channel deletions may re-
move functional redundancy in functions such as K+ release or
Cl loading and therefore generate more prominent phenotypes.
To investigate higher level physiological function combinations of
deletions in both cation and anion channels may be necessary,
for example to study stomatal function or cell expansion.
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